We study barred galaxies selected from the Illustris cosmological simulation, with an emphasis on tidally induced bars formed from flyby interactions. To guarantee high enough resolution we focus on high mass disc galaxies. We find that the fraction of barred galaxies among those (26 per cent at redshift z = 0) is lower in Illustris than observed in the local Universe, and the fraction grows slightly with redshift. The bar fraction also increases with the total stellar mass and decreases with the amount of gas in the disc. Only very few bars at redshift z = 0 are formed in secular evolution and most of them are triggered by external perturbers in mergers or flyby events. We then focus on the effect of flyby interactions on the disc and look at tidally induced bars created by a flyby, or pre-existing bars influenced by the passage of a perturber. In the latter case, the interaction can enhance or weaken the bar. During the interaction, the change in the bar strength occurs right after the pericentre passage. The resulting tidally induced bars tend to be stronger and longer than average. The preferred scenario to create or enhance a bar seems to be with a strong interaction involving a perturber on a prograde orbit. Furthermore, the strength of the created bar grows with the strength of the interaction.
INTRODUCTION
Bars are a very common feature in late-type galaxies, their frequency in the local universe being roughly between 50% and 70% (Eskridge et al. 2000; Aguerri et al. 2009; Skibba et al. 2012; Buta et al. 2015; Laine et al. 2016) . Besides being a very visible pattern in the stellar structure of disc galaxies, their impact on the galactic dynamics and evolution is huge. As a non-axisymmetric component, the bar exerts strong gravitational torques on the galactic structures and affects the angular momentum redistribution in the whole galaxy (e.g. Bournaud & Combes 2002; Debattista et al. 2006; Berentzen et al. 2007) , driving stellar and gaseous migration in the disc (Minchev et al. 2010 , 2011 , Di Matteo et al. 2013 Halle et al. 2015) . Understanding their formation and evolution is therefore a major goal in the study of disc galaxies.
Bars form from disc instabilities, and numerical simulations have shown how even small perturbations can eventually induce a bar in the centre of an axisymmetric disc (Noguchi 1987; Gerin et al. 1990; Miwa & Noguchi 1998; Berentzen et al. 2004 ). There are thus two ways to form a bar in disc galaxies, often referred and opposed as nature vs nurture: either the bar forms in the secular evolution of the Contact e-mail: npeschken@camk.edu.pl galaxy, or it is triggered by an external perturber. While in the former case the bar slowly grows over time from internal disc instabilities, increasing in length and slowing down (Debattista & Sellwood 2000; Athanassoula 2003; Berentzen et al. 2007; Okamoto et al. 2015) , the latter case involves a quick elongation of the disc, forming a so-called tidally induced bar (or tidal bar for short). This is generally due to mergers (e.g. Dubinski et al. 2008 ) or a close passage of another galaxy (Gerin et al. 1990; Lokas et al. 2014; Lang et al. 2014; Lokas 2018) , also called a flyby, resulting in a tidal interaction creating an elongated structure in the centre (the future bar), often with tidal extensions in the outer part. In this scenario, the bar formation does not depend only on the characteristics of the disc, but also on the parameters of the interaction, such as the mass of the perturber, its velocity, distance and orbit. In particular, prograde orbits have been shown to have a bigger impact on galactic structures than retrograde orbits (Gerin et al. 1990; Romano-Díaz et al. 2008; Lang et al. 2014; Lokas et al. 2015 Lokas et al. , 2016 Lokas 2018) . However the parameters relevant for the formation of a tidal bar are many and not easy to disentangle, so that further work is needed to fully understand them, with the help of simulations.
Recent simulations manage to create realistic bars in disc galaxies, with different extents and morphologies (e.g. Lokas et al. 2014 ; Athanassoula et al. 2016 ), allowing us to study in detail the formation mechanisms of bars, their properties and the stellar orbits constituting them. However, most of these simulations were run in isolation or, in the case of tidal bars, in the presence of just one perturber. Although some real galaxies might be rather isolated, most undergo constant interactions with each other, and experience many diverse encounters in their life, especially at higher redshift (e.g. Hammer et al. 2009 ). Multiple and repeated interactions, as well as environmental effects, have a strong impact on the creation and subsequent evolution of a bar in the galaxy. Indeed, these constant external perturbations can trigger the creation of a bar, or prevent it, enhance and strengthen a pre-existing bar, or on the contrary suppress it. In this study, we aim to study bars with an emphasis on tidal bars, their formation and evolution in a more realistic framework of a cosmological context involving diverse interactions, using the Illustris simulation.
Illustris (Vogelsberger et al. 2014 ) is a large hydrodynamical cosmological simulation based on the moving mesh code AREPO (Springel 2010) , which is publicly available and reproduces many observational results in the area of galaxy formation and evolution (e.g. Snyder et al. 2015) . In this study, we use the Illustris-1 simulation, which contains about 18 billion particles in a (106.5 Mpc)
3 volume, and follows the evolution of the Universe from redshift 127 to 0, with 136 snapshots.
In this paper, we investigate bars in Illustris disc galaxies, in particular tidal bars formed from flyby interactions. In section 2 we look at the general properties of bars in Illustris, while in section 3 we focus on tidal bars triggered or affected by flyby interactions. We discuss our results in section 4 and conclude in section 5.
BARRED GALAXIES IN ILLUSTRIS

Selection of disc galaxies
The Illustris simulation provides the SubFind Subhalo catalog (Vogelsberger et al. 2014; Nelson et al. 2015) and the SubLink merger tree, which allow to track a given galaxy (called subhalo) over time. To look for bars in Illustris galaxies, we first need to find disc galaxies, as we do not want to consider bars in early type galaxies. To do this, we used two parameters given by Illustris: the stellar circularities and the axis ratios. The circularity parameter of a stellar particle is its angular momentum along the rotation axis, divided by the angular momentum of the corresponding circular orbit. Therefore, disc particles are expected to have close to 1. Illustris provides for every galaxy the fractional mass f of stars with > 0.7, which can be used as a measure of the fraction of stellar mass in the disc component. Therefore, we define disc galaxies as galaxies having more than 20% of their stellar mass behaving kinematically as a disc, i.e. with f > 0.2. We also use the axis ratios to derive the flatness of the galaxy, from the eigenvalues of the stellar mass tensor M1, M2, and M3, provided by Illustris. The flatness is defined as the ratio M1/ √ M2M3, where M1 is the lower eigenvalue. We take 0.7 as a maximum value for a galaxy to be a disc galaxy, in addition to the f constraint.
We also need to fix a lower limit for the number of particles in the galaxies we consider, in particular for the stellar particles, to make sure the stellar disc can form a bar. After visual inspection we start with 40 000 stellar particles as a minimum. We find that 46.7% of galaxies with more than 40 000 stellar particles at redshift z = 0 are disc galaxies.
Bar strength and bar fraction
We then select those disc galaxies to look for bars. To find barred galaxies, we used the A2 parameter (Athanassoula et al. 2013) , defined from the Fourier components:
where R is the cylindrical radius, Mi is the mass of the ith stellar particle, and φi is its position angle. For a barred galaxy, A2 as a function of radius shows a peak close to the centre corresponding to the bar with the peak higher for stronger bars (some examples are shown later on in Fig. 5 ). Therefore, we computed A2(R) for our disc galaxies, and considered them as barred if the maximum of A2 within the stellar half-mass radius is higher than 0.15. Note than an eye inspection is always needed to confirm that this peak is indeed due to a bar, and not to another non-axisymmetric component such as spiral arms or tidal tails. We define this maximum value A = A2,max as the bar strength to be used throughout the whole paper.
We take all disc galaxies (as defined previously) at redshift z = 0 with more than 40 000 stellar particles (1232 galaxies) and determine the presence of bars using the value of A = A2,max as well as visual inspection. This allows us to measure the fraction of barred galaxies in our sample, which we plot in Fig. 1 (left panel) as a function of the galaxy stellar mass. The total stellar mass is provided by Illustris for each galaxy, but it can sometimes be inaccurate, as the division of stellar particles among nearby galaxies is not always reliable. We thus derived the stellar masses ourselves by fitting the stellar surface density profile of the disc with an exponential, estimating the disc scale-length and taking the stellar mass within 10 times this scale-length, and within 5 kpc vertical distance from the disc plane. We see in Fig. 1 (left panel) that the fraction of barred galaxies increases with stellar mass, so that low-mass galaxies almost never have bars, while about 50% of high-mass galaxies are barred. The bar fraction increasing with stellar mass is consistent with many recent observational studies, such as Sheth et al. (2008) , Skibba et al. (2012) , Melvin et al. (2014) , Díaz-García et al. (2016) , Gavazzi et al. (2015) , Consolandi (2016) , Cervantes Sodi (2017) .
The fact that at low stellar masses we find almost no bars at all might not only be due to the mass trend but also to the low number of particles. We expect that if there are not enough particles in the stellar disc, the bar might not be able to form because of resolution issues. Therefore, from now on we will take 100 000 as the minimum number of stellar particles necessary to study the bar frequency in In red: bar fraction as a function of total stellar mass for all disc galaxies with more than 40 000 stellar particles at redshift z = 0. In blue: histogram of the stellar masses of these galaxies. Right Panel: In yellow: bar fraction as a function of the disc gas fraction at redshift z = 0 for all galaxies with more than 100 000 stellar particles. In blue: the histogram of the distribution of corresponding gas fractions in these galaxies. disc galaxies, and will refer to this sample as our default sample. Although each stellar particle has a different mass, there is a very tight correlation between the number of stellar particles and the total stellar mass in galaxies, so that 100 000 particles corresponds to a stellar mass of about 8.3×10
10
M .
Furthermore, we look for a dependence of the bar fraction on the gas content in the disc. We compute the gaseous mass in the disc in a similar way as was done for the stellar mass and derive the gas fraction in the disc, for our default sample of disc galaxies. We plot in Fig. 1 (right panel) the bar fraction as a function of the gas fraction and find a clear decreasing trend: the more gas the disc has, the less likely it is to host a bar. For galaxies with more than 15% of gas in the disc, we find almost no bars at all, while about 56% of gasless discs host bars. The increasing trend of the bar fraction with decreasing gas content is also consistent with observations (Masters et al. 2012; Cheung et al. 2013; Cervantes Sodi 2017) , and with the trend of gas weakening or preventing the formation of bars seen in simulations (Friedli & Benz 1993; Villa-Vargas et al. 2010; Athanassoula et al. 2013) .
We repeated this analysis at different redshifts and found similar results: increasing trend of the bar fraction with stellar mass, and decreasing trend with gas fraction. This allowed us to look at the bar fraction as a function of redshift shown in Fig. 2 . We find an increasing trend with redshift, which is unusual, as most studies find less bars at high redshift (Sheth et al. 2008; Melvin et al. 2014; Simmons et al. 2014) . Note that a similar trend is visible in different mass bins, which means that it is not related to the resolution, except perhaps for the lowest-mass galaxies. For the galaxies with at least 100 000 stellar particles (our default sample, M * > 8.3 × 10 10 M ), we see that we have about 26% of galaxies hosting bars at z = 0. Looking at the disc gas fraction in galaxies, we find an increase with redshift, as expected.
Measuring the strength of the bars in the galaxies of our default sample, we find the strength average of A = 0.24 ± Figure 2 . Bar fraction as a function of redshift for different ranges of stellar mass. The black curve is for all disc galaxies with more than 100 000 particles (default sample). Low stellar masses are between 70 000 and 100 000 particles (5.9 × 10 10 < M * < 8.3 × 10 10 M ), medium stellar masses are between 100 000 and 150 000 particles (8.3 × 10 10 < M * < 1.2 × 10 11 M ) and high stellar masses above 150 000 particles.
0.07 at redshift z = 0. This is consistent with observations in the local universe (e.g. Aguerri et al. 2009 ). The distribution of the corresponding bar strengths can be found later on in Fig. 9 (left panel). In Fig. 3 we plot the cumulative fraction of galaxies having a given strength. We see that most bars at low redshift are relatively weak, with a bar strength below 0.3. We found that the mean bar strength increases with redshift, which seems mainly due to the fact that at higher redshifts the bars are less symmetric and more elongated and perturbed. The increase of the bar fraction with redshift is striking here, and seems unrelated to whether we choose to consider weaker or stronger bars. . Cumulative fraction of barred galaxies among disc galaxies with more than 100 000 stellar particles (default sample), as a function of their bar strength, for different redshifts. The dashed vertical line corresponds to 0.15, which we fixed as the minimum for a galaxy to be considered as barred. The points on this line thus give the total fraction of barred galaxies.
Bar length
The A2 profile can also be used to estimate the bar length, although this is not as straightforward. The end of the bar is expected to correspond to a drop in A2, so the bar length could be defined as the radius for which A2 goes below some threshold value. This threshold could be defined as an absolute value, or as a fraction of the bar strength A = A2,max (e.g. Athanassoula & Misiriotis 2002; Algorry et al. 2017 ). However, in some cases there is no strong drop of A2 at the bar end, because other features at the end of the bar keep A2 at a relatively high level. This is in particular the case when tidal tails appear in the galaxy due to external perturbations such as galaxy interactions we will investigate in section 3. Therefore, we define the bar length as the radius at which the peak of A2 occurs. Although this does not correspond to the real length of the bar but rather to its lower limit, it provides us with a typical radius of the bar, is easily reproducible and consistent for all different types of barred galaxies in our sample.
We find a mean bar length of 3.6 ± 1.8 kpc at redshift z = 0 in our default sample of disc galaxies. The corresponding distribution of the lengths can be found later on in Fig. 9 (middle panel). We find no clear trend of the bar length with the stellar mass or with the gas fraction in the disc. However, it seems that the bars tend to be longer at higher redshifts, as we get a mean around 5 kpc for redshift z = 0.5. Again, this seems to be due to the fact that at higher redshifts our discs tend to be less stable and exhibit unstable bars, longer and more perturbed.
Bar pattern speed
We also derived the bar pattern speed of our barred galaxies. Since the snapshot frequency in Illustris is too low (around 150 Myr between two subsequent snapshots) to be able to simply derive the pattern speed from the evolution of the bar position angle over time, we used the Tremaine-Weinberg method (Tremaine & Weinberg 1984) . This method uses the surface brightness and the radial velocities of the galaxy, and works both in simulations and observations. The bar pattern speed Ωp is then given by:
where i is the inclination angle of the galaxy, h is a weight function, Σ is the stellar density in the disc plane, V are the stellar velocities, and X, Y are the coordinates in the plane of the sky. We take a two slit offset function as the weight function, as recommended by Tremaine & Weinberg (1984) :
, where nw is a weighing integer, fixed here as 20, and we take the height of the slice to be Y0 = 3 kpc. We use an inclination angle of the disc plane of i = 45 degrees.
We performed a test of this method on an N -body simulation of an isolated Milky Way-like galaxy from Lokas et al. (2016) , where the pattern speed could be derived directly from the bar position angle measured over time, and found a very good agreement. We find reasonable values for the pattern speed at redshift z = 0 for our barred galaxies from Illustris in our default sample, with a mean value of 14.4±9.1 km s −1 kpc −1 . The histogram of our pattern speeds at z = 0 can be found later on in Fig. 9 (right panel).
Origin of bars
We now try to answer the question how the bars present in Illustris at redshift z = 0 were formed. We take the barred galaxies of our default sample at this redshift (136 galaxies), and follow them backward in time to identify the mechanism responsible for the creation of these bars. In particular, we look for cases where the bar was formed by a merger or a flyby interaction. To do this, we compute the bar strength as a function of time and look for the moment where the bar strength drops below 0.15 (still going backwards). We also inspect the galaxies visually to determine when the bar is actually created. Once the formation moment is found, we check whether there is a clear galaxy interaction involved in it or if it was formed in secular evolution. We remove from our sample 39 cases where the bar formation mechanism is not easy to point out, e.g. when there are several interactions occurring at the same time, or if it is not clear whether the bar was triggered by an external galaxy or not. We find that 49.5% of bars resulted from a merger event, 42.3% from a flyby, while the rest seems to be formed in secular evolution (8.2%). Therefore, interaction events seem to be the most effective way to form a bar, and we find very few cases of bars formed in isolation in Illustris.
Furthermore, we examine the properties of the disc in these isolated galaxies before the bar forms. Bars formed in secular evolution are expected to arise more easily in discs dominated by the stellar component than in dark matter dominated ones, as the dark matter halo stabilizes the disc against bar formation (Hohl 1976; Efstathiou et al. 1982 ). This property is usually quantified with the Toomre parameter Q (Toomre 1964) , which is expected to be low in galaxies subject to bar instability, but any estimate of this parameter for Illustris galaxies would be too unreliable given the resolution. Therefore, as a rough measure of the disc's susceptibility to bar formation we use instead the disc fraction, which we define as the ratio of stellar mass to the dark matter mass inside one disc scalelength. We find that all the cases where the bar appears during the secular evolution of the galaxy have values of the disc fraction higher than two, i.e. there is at least twice as much stellar mass than dark matter in the central region of these galaxies. This is thus consistent with the disc being prone to form a bar, although a bigger sample of bars formed in isolation would be needed to confirm this trend.
The fact that there are very few bars formed in secular evolution might be due to the rather high gravitational softening length in Illustris (0.7h −1 kpc) which can prevent disc instabilities because of poor resolution of small scale systems (Kaufmann et al. 2007 ). This issue has been discussed in the context of galaxy formation in Illustris by Torrey et al. (2015) .
FLYBY DRIVEN BARS
Selection of the sample
We will now focus on the cases of flyby events and their effect on the bar. As in section 2.5, we start with barred galaxies at redshift z = 0 and look backward in time. This time however we do not restrict ourselves to the moment of bar creation but look at every flyby interaction that affects the bar strength in any way. We keep looking backward in time until the bar does not exist any more or the number of stellar particles drops below 40 000 in the galaxy. We define a flyby interaction as the passage of another galaxy (called perturber) close to the primary galaxy, with no immediate merger involved. A merger can follow after the apocentre passage, but we keep only cases where there are at least four snapshots between the first pericentre and the moment of the merging, to be able to isolate the effect of the flyby event on the central region corresponding to the bar, before the merger.
We keep only the clear cases where a flyby creates a bar or impacts the bar strength in the case of a pre-existing bar. In the latter case, we look for a change of at least 10% in the bar strength. We dismiss all the cases (probed by eye) where several interactions come into play simultaneously or when the bar strength variation may not be due to the considered flyby. In total, this gives us a sample of 121 interaction cases affecting the bar strength, 50 of which are bar creations. We call this sample the interaction sample. In Fig. 4 we present six examples from our sample to show how the interactions can trigger or affect the bar in Illustris galaxies. We display in each case the evolution over three snapshots of the primary galaxy and its perturber: one snapshot before the pericentre, the snapshot closest to the pericentre, and one snapshot after the pericentre. This allows us to visulize how an initially unbarred (or weekly barred) disc develops a (stronger) bar after the pericentre passage, due to the tidal forces induced by the perturber. In Fig. 5 , we plot the corresponding radial A2 profiles of the primary galaxy in these six examples, taken after the pericentre. One can see how each disc has developed a peak in the central region of the A2 profile, corresponding to the bar.
As we often have only a few snapshots showing each of the flyby events, it is not straightforward to determine the exact time of the pericentre, as well as the pericentre distance. We thus decided to interpolate the orbit of the perturber galaxy around the primary, using three snapshots in the vicinity of the pericentre. This interpolation was done using a parabola with free parameters in the orbital plane (defined from the three subsequent positions of the perturber). Although simplistic, this approach gives us a first approximation of the pericentre and realistic orbits. Furthermore, we interpolated the velocity of the perturber along the orbit. We assumed the velocity is in the orbital plane, and interpolated the x and y components (in the plane) separately, using again a parabola based on the three snapshot values. These velocities allowed us to derive the precise time of the pericentre.
In our interaction sample, there is a number of cases where the perturber does not go around the primary galaxy but goes through the primary disc before going out. In this situation, the tidal forces are not the only ones coming into play, as the collision can directly disrupt the disc and affect the bar region. We call these interactions fly-through cases, to distinguish them from the real flybys in our interaction sample. To separate these two sub-samples, we use the interpolated orbits, in particular the interpolated pericentre distance. We use the stellar half-mass radii of both the primary R h,1 and the perturber galaxy R h,2 and define flythroughs as the cases where the pericentre distance is lower than the sum R h,1 + R h,2 , i.e. when both galaxies overlap at the pericentre. This gives us 79 cases of flybys and 42 cases of fly-throughs in our sample.
We also construct a reference sample, containing only those interacting cases that do not seem to affect the bar in any way. By that we mean interactions during which the bar strength of the primary galaxy remains approximately constant (with variations smaller than 5%). To build this sample, we proceed as previously, i.e. we follow disc galaxies hosting a bar backward in time from redshift z = 0 until the moment of bar formation and look for interactions occurring while the bar strength stays constant. This is not obvious as the bar strength rarely remains constant for a long time; it can vary due to the many external perturbations but also undergoes secular evolution over time. We nevertheless found 70 cases of interactions not affecting the bar, which we will now refer to as the reference sample.
Sample characteristics
We describe here in detail the characteristics of the interaction sample. The time of the interaction covers the range from redshift z = 1.9 (snapshot 69) to redshift z = 0 (snapshot 135). The primary galaxy is not necessarily more massive than the perturber in our interaction events; the primary can also be a satellite moving close to a bigger galaxy (the perturber), but we still see it as a flyby (or fly-through) of the perturber, as we focus on the primary disc. We compute the masses of the primary and the perturber galaxies, taken one snapshot before the pericentre, since when two galaxies are too close, Illustris sometimes wrongly attributes particles to those galaxies. Furthermore, we did not use the masses provided by Illustris, but instead fitted the dark matter density profile with an NFW profile to derive its scale radius, and defined the total mass as the mass of all Figure 4 . Illustrations of six cases from our sample of interactions affecting the bar region (figure continued on the next page). Each row corresponds to a different galaxy and each column is a different snapshot. In a given row one can follow the interaction over time around the pericentre, from left to right. The galaxy in color scale is the primary galaxy we study and the galaxy in grey scale is the perturber. The interpolated orbit of the perturber (see section 3.1) is plotted in red and the sense of rotation of the primary galaxy in blue. The coordinates XY always represent the plane of the primary galaxy. In the first case a zoom of the primary galaxy is displayed in the top left corner of each panel.
the particles inside ten times this scale radius. Histograms of the total masses of both the primary and the perturber before the interaction are shown in Fig. 7 . One sees that the primary galaxies are mostly quite massive disc galaxies, while most perturbers tend to have lower masses, with a few exceptions of huge elliptical galaxies. We also display the histogram of the mass ratios between the primary and the perturber in Fig. 8 . Out of 121 cases, only 24 have a perturber bigger than the primary galaxy. This is probably due to the fact that since most our primary galaxies are massive, it is not very common to see an interaction with an even more massive galaxy, while smaller perturbers are very numerous.
As far as the bars in our interaction sample are concerned, we are interested in comparing their strength, length and pattern speed to non-perturbed bars. Since these quantities vary with redshift (see section 2), the comparison has to be done for a given epoch. We thus look at all the galaxies in our interaction sample with a pericentre passage occurring between redshift z = 0 and z = 0.21, and compare them to the sample of all barred galaxies in our default sample (see section 2.2) at redshift z = 0. We derive the values of the bar strength, bar length and pattern speed after the pericentre in our interaction sample (averaged over between two and four snapshots after the pericentre). For the bar strength, we find that the bars affected by interactions tend to be stronger on average (see Fig. 9 , left panel) than the mean of all the bars at low redshift, with the mean value around 0.26 ±0.06, against 0.24 ± 0.07 in the total sample. Bars also tend to be longer (see Fig. 9 , middle panel) in the interaction sample, with the mean length around 4.5 ± 1.5 kpc, to be compared to 3.6 ± 1.8 kpc in the total sample at low redshift. These results are consistent with previous studies showing that interactions tend to produce stronger bars (Miwa & Noguchi 1998; Berentzen et al. 2004; Lokas et al. 2014 Lokas et al. , 2016 . Note that these trends are less clear at higher redshifts, presumably because bars are more perturbed, both in the interaction and in the total sample. As far as the pattern speed is concerned, we do not see a significant difference between the interaction sample and all bars at low redshift (see Fig. 9 , right panel), with mean values of the pattern speed of 14.4±9.1 km s −1 kpc −1 for the total sample, against 15.0 ± 9.1 km s −1 kpc −1 in the interaction sample. Although we expect from the studies mentioned above that the tidal bars should be slower, the derivation of the pattern speed is not always reliable in our Illustris galaxies. 
Tidally induced bars
Effect of the interaction on the bar region
There are two different scenarios for the tidal bars of our interactions sample: either there was already a bar in the primary galaxy before the passage of the perturber, or the galaxy was at first unbarred. In the latter case, it means that the interaction created the bar, while the former case corresponds to interactions affecting a pre-existing bar. The passage of a perturber can either reinforce the bar (bar strength increases), or weaken it (strength decreases). We thus have three subsamples: bar creating interactions (50 cases), bar increasing interactions (53 cases) and bar decreasing ones (18 cases). In Fig. 4 , the second example is a case of bar in- Figure 7 . Histograms of the total masses of the galaxies involved in the interactions of our flyby sample, i.e. for the primary galaxies (in blue) and for the perturbers (in red). Figure 8 . Histogram of the total mass ratios (in log) of the galaxies involved in the interactions of our flyby sample. M 1 represents the masses of the primary galaxies and M 2 of the perturbers. crease, with a very weak bar in the centre being reinforced by the interaction. All other cases are bar creating interactions, as there is no clear bar in the centre before the interaction.
To look at the effect of the interaction in more detail, we examine the bar strength as a function of time, as shown in Fig. 6 for our six examples from Fig. 4 . We find that the change in the bar strength (whether it is an increase or a decrease) seems to happen right after the pericentre passage, the bar strength being more or less constant before. To characterise this, we find in each case the snapshot at which the bar strength changes: for the bar creating cases, we take the time when it becomes higher than 0.15, while for the bar increasing and decreasing cases, we take the maximum of the bar strength derivative. Plotting this time versus the time of the pericentre (Fig. 10) , we confirm that the bar strength increase happens right after the pericentre (almost every point is above the y = x line), on average 0.18 ± 0.14 Gyr after (0.21 ± 0.16 Gyr for bar creation, 0.17 ± 0.12 Gyr for bar increase and decrease).
We will now try to understand what causes the bar strength to increase or decrease in our sample. In the following subsections, we look at two parameters, the orbital angle and the strength of the interaction, to see if they are responsible for the way the bar is affected by the interaction.
Orbital angle
We define the orbital angle of the interaction as the angle between the primary disc plane and the plane of the perturber's orbit, i.e. between the primary disc rotation axis and the angular momentum Lz of the perturber in the primary galaxy frame. This gives us an angle between 0 and 180 degrees, with 0 corresponding to a prograde interaction (orbit of the perturber in the disc plane with the disc rotating in the same sense as the perturber moves on its orbit) and 180 to the retrograde case (orbit of the perturber in the disc plane with the perturber going in the opposite sense to the disc rotation). This angle is only relevant for flyby events, as for fly-through the perturber goes through the primary disc instead of orbiting around. Therefore in this section we restrict ourselves to flyby cases, i.e. 79 interactions.
We derived this angle averaged around the pericentre passage for our sample of 79 flyby interactions and took the cosine of the angle to get a normalized distribution, since the possibilities of the perturbers's direction with respect to the primary disc form a solid angle. We plot in Fig. 11 (right panel) the histogram of the orbital angles (in cosine) in our sample, for the bar creating and bar increasing interactions only. We find that even though the interactions span the whole range of values of the orbital angle, most interactions creating a bar or increasing the bar strength are at low orbital angles (cos(θ) ∼ 1), i.e. correspond to more or less prograde cases. Therefore, prograde interactions seem to be the preferred way of creating a bar or increasing the bar strength of a pre-existing bar.
The fact that a prograde orbit of the perturber is more efficient to create or increase a bar is in agreement with previous work (Gerin et al. 1990; Romano-Díaz et al. 2008; Lang et al. 2014; Lokas et al. 2015; Gajda et al. 2017; Lokas 2018) , and can be easily understood by looking at the tidal force acting on the primary galaxy during the interaction. In a prograde case, the perturber is moving around the primary galaxy while the latter is rotating in the same sense, so that the parts of the primary most affected by the tidal force remain approximately the same over time. Therefore these parts will be very elongated by the tidal force. On the contrary, for a retrograde orbit, the parts most affected by the tidal force will change continuously during the passage of the perturber as the primary galaxy is rotating in the opposite direction, so that the elongated parts will not be consistent over time, and therefore the bar shaped elongation will be weak. Although a retrograde orbit can still affect a bar, it will be much less effective in doing so.
Strength of the interaction
Another parameter to take into account is the strength of the interaction. A small satellite at a large distance is expected to have less impact on the bar region than a big perturber close to the primary disc. To characterise this, we use the Elmegreen tidal strength parameter S (Elmegreen et al. 1991) , defined as:
where Mpert and M gal are the perturber and primary galaxy total masses, while R gal and Rperi are the galaxy size (taken here as eight times the stellar half-mass radius) and the pericentre distance, respectively. ∆T is the time it takes the perturber to travel one radian around the primary galaxy centre near the pericentre. To compute it, we use the orbit interpolation described in section 3.1, as well as the velocity interpolation of the perturber. T is the time it takes the stars in the outer parts of the primary disc to travel one radian around the centre and can be derived with:
The interaction is thus stronger, as expected, when the perturber is more massive than the primary galaxy, the pericentre distance is small, and the perturber has a low velocity with respect to the primary galaxy. We derived the tidal strength parameter for our sample of interactions, using the total masses derived in section 3.2, and using the half-mass radius as derived from an exponential fit of the stellar density profile for the primary galaxy. We compared the values obtained for the 79 flyby cases to the ones of the reference sample (see section 3.1) in Fig. 11 . We find that, as expected, strong interactions tend to systematically affect the bar, so that the sample of interactions without effect on the bar have lower Elmegreen parameters. Furthermore, the top right part of the main plot (middle panel) in Fig. 11 is mostly red, showing that a strong, prograde interaction is very likely to affect the strength of the bar, whereas a retrograde weak interaction is not. Now we would like to check if the strength of the interaction can be linked to the resulting bar properties. In particular, are the bars obtained after a strong interaction stronger? We take the bar creating interactions subsample (50 cases, including both flybys and fly-throughs), and look at the strength of the bar created by the interaction. As the bar strength is evolving after the interaction, we average the bar strength over two snapshots after the pericentre. In Fig. 12 we plot for every bar creating interaction of our sample the derived bar strength as a function of the tidal strength parameter. We find a correlation coefficient of 0.17 and a p-value of 0.0036, showing that stronger interactions do tend to create stronger bars, but with a weak trend. Stronger bars forming as a result of stronger tidal forces are consistent with previous studies (Berentzen et al. 2004; Lokas et al. 2016) . The large scatter observed in our plot can be explained by the fact that other parameters can come into play in determining the strength of the created bar. In particular, the orbital angle of the perturber, the primary disc stability or the gaseous content of the primary disc, all can directly affect the creation of the bar and its strength.
We found no correlation of the bar strength increase with the Elmegreen tidal strength parameter for the bar increasing subsample, which might be due to the fact that in addition to all these parameters, the pre-existing bar position angle with respect to the perturber position may determine whether the interaction will increase or decrease the bar strength (Gerin et al. 1990; Lokas et al. 2014) . Unfortunately, our time resolution is not good enough to be able to accurately derive the bar position angle at the precise time of the pericentre.
DISCUSSION
The barred galaxies we have considered in this paper are in a high mass range (M * > 8.3×10
10 M ), since galaxies of lower masses do not seem to host enough bars (see section 2.2). This mass range is higher than in most observational studies looking at barred galaxies, which can make the comparison difficult, but Illustris galaxies have been shown to be more massive than observed in the local universe (Bottrell et al. 2017) . Furthermore, Dickinson et al. (2018) have recently shown that below stellar masses of 10 11 M , Illustris galaxies seem to be unrealistic from a morphological point of view. They conclude that the particle resolution might be too low in these galaxies to model the physics properly in Illustris. This is in good agreement with our 8.3 × 10 10 M threshold, and it thus seems likely that below this value, galaxies are indeed not realistic enough to produce bars.
In section 2.2, we used the threshold value of 0.15 in the bar strength to determine whether a galaxy is barred or not (together with visual inspection). Other studies have used different values for this threshold, for example Algorry et al. (2017) who take it to be 0.2. Nevertheless, we have found in Illustris many galaxies with a bar strength between 0.15 and 0.2 that visually clearly show a bar and thus decided to adopt 0.15 as sufficient.
The fact that in spite of restricting our study to high mass galaxies the bar fraction at redshift z = 0 is quite low (26% at redshift 0, while recent studies find bar fractions around 60%, Eskridge et al. 2000; Aguerri et al. 2009; Skibba et al. 2012; Buta et al. 2015; Laine et al. 2016; Erwin 2018) , might be due to the gravitational softening scale. As mentioned in section 2.5, it might be harder to form bars in secular evolution in Illustris, so that we expect less bars overall. We verified that this low bar fraction is not related to the way we select the galaxies for our analysis, i.e. changing the flatness or the circularity contraints (see section 2.1) a little yields similar bar fractions.
The only previous study of simulated barred galaxies in a cosmological context was published by Algorry et al. (2017) . They used the EAGLE Project (Schaye et al. 2015) , which is a cosmological hydrodynamical simulation based on GADGET3, simulating a 100 Mpc 3 volume containing nearly 7 billion particles. Looking at the bar fraction at redshift z = 0, we find significantly less bars than in the EAGLE simulation since Algorry et al. (2017) found about 40% of barred galaxies. We also have weaker bars (see Fig. 3 , as well as Fig. 9 , left pannel). This might point to a difference in the efficiency of bar formation between Illustris and EAGLE. Furthermore, the sample of galaxies considered by Algorry et al. (2017) contained objects with the number of stellar particles as low as 20 000, which in Illustris is far too low to form bars. Indeed, below 70 000 stellar particles we find almost no bars in Illustris disc galaxies (see section 2.2). Our sample is therefore composed of more massive galaxies than theirs. (10 10.6 < M * < 10 11 in their sample). Nevertheless, they find unbarred galaxies to be more gas-rich, in agreement with our results. Furthermore, Algorry et al. (2017) tend to have low pattern speed values in their strongly barred galax-ies at redshift zero (lower than 6 km s −1 kpc −1 ) than in our sample of galaxies at redshift zero (see Fig. 9 , right panel). Even if we restrain our sample to strong bars as they did, we still find higher values with a mean over 10 km s −1 kpc −1 . Note that the values we find for Illustris galaxies, although still rather low, are more consistent with other simulations of barred galaxies (both in isolation and tidally induced) as well as with observations.
The presence of gas in the disc does not only tend to supress bars formed in isolation, but also inhibits the creation of tidally induced bars, as has been shown in Berentzen et al. (2004) . Since most bars in Illustris seem to be formed in interactions rather than in secular evolution, this could explain the low bar fractions we find in gas rich discs, alongside with the fact that barred gas rich discs will in the long run weaken or even destroy the bar due to gas inflows towards the centre.
In section 2.2, we found a trend of the bar fraction growing with the stellar mass of the galaxy. We also studied the bar fraction as a function of the total galactic mass (including stars, gas and dark matter), but did not find any clear trend. We looked as well for the dependence of the mean bar strength on the stellar mass, total mass and the disc gas fraction, but again did not find any clear correlation between these properties.
In section 3.3.3, we used the Elmegreen parameter S to characterise the strength of the interaction. This parameter was originaly designed to look at flyby interactions, however we also used it to characterise fly-through interactions. Since the pericentre distance then becomes very small, this leads to S taking very high values, as can be seen in Fig. 12 . Nevertheless, we still believe that this parameter is relevant to characterise the strength of the interaction in this case, as fly-throughs are expected to be much more violent than flybys. We also tried to use another definition of this strength, by computing the tidal force, defined as R gal Mpert/D 3 (as in Lokas et al. 2016) , where R gal is the primary galaxy's size, Mpert is the perturber's total mass, D is the distance between the primary and the perturber. We then derived the integrated tidal force by summing the tidal forces over three snapshots around the pericentre, using the interpolated orbit (see section 3.1) and normalizing by the time that passed between the first and the last of the three snapshots. We found a weak increasing trend of the created bar strength with the integrated tidal force, similar to the one in Fig. 12 .
In section 2.2, we found that the fraction of bars is increasing with redshift. This result seems surprising, as we expect to find less bars at higher redshifts. However, our sample consists of massive galaxies (M * > 8.3 × 10 10 M ), while the decrease of the bar fraction with redshift is mostly observed for low mass galaxies (e.g. Sheth et al. 2008; Kraljic et al. 2012 ). For more massive galaxies, the bar fraction has been found to be more or less constant with redshift (Sheth et al. 2008; Jogee et al. 2004; Marinova & Jogee 2007) , or even increasing. In particular, Cameron et al. (2010) found that for high mass galaxies (M>10 11 M ) the fraction of bars tends to increase with redshift, up to z ∼ 0.6, with values similar to our results. Furthermore, the bars we find at higher redshift are very often quite unstable, asymmetric and changing shape very quickly, so that they might not constitute very realistic bars.
Nair & Abraham (2010) found a bimodal distribution of the bar fraction as a function of stellar mass, with the fraction increasing both at high and at low masses, with a minimum at intermediate masses. However if we restricted this bimodal distribution to the mass range we consider in the left panel of Fig. 1 (M * > 8.3 × 10 10 M ), we would only see the increasing trend towards higher masses. Therefore our results are consistent with this bimodal distribution.
SUMMARY AND CONCLUSIONS
We studied barred galaxies in the Illustris simulation, with the emphasis on bars formed from flyby interactions. We constructed a sample of disc galaxies in Illustris with more than 100 000 stellar particles (M * > 8.3 × 10 10 M ) and found that 26% of them are barred. This fraction is lower than in observations, probably because of a too high softening length in Illustris, preventing the spontaneous formation of bars. We derived the bar strengths, lengths and pattern speeds of these barred galaxies and found reasonable values. The bar fraction in Illustris disc galaxies increases with the total stellar mass and decreases with the amount of gas in the disc, consistently with observations. Below 100 000 stellar particles (8.3×10
10 M ) we find almost no bars at redshift z = 0 in disc galaxies, which could point out to a resolution issue for low and intermediate mass galaxies, in agreement with recent work on Illustris. We find the bar fraction to increase with redshift, and the bars at higher redshifts (up to z = 2) to be very unstable and asymmetric, so that the bar length and bar strength also tend to increase with redshift. Looking at the origin of the bars at redshift z = 0, we found that very few were formed in secular evolution, while most of them were created in mergers or flyby events.
We then focused on the effect of flybys on the bar formation and evolution. We selected a sample of 121 galaxies undergoing a flyby interaction, which either creates a bar or affects the strength of a pre-existing bar. We found that the corresponding change in the bar strength happens right after the pericentre passage. These tidally affected bars tend to be stronger and longer than average. We interpolated the orbit of the perturber around the primary galaxy close to the pericentre, to obtain better precision in the values of the distance and velocity. We then investigated different parameters of these interactions, in particular their strength and their orbital angle, i.e. the angle between the perturber's orbit and the disc plane of the primary. We characterised the strength of the interaction with the Elmegreen strength parameter. We found that the preferred scenario to create a bar or to enhance it is with a perturber on a prograde orbit and interacting strongly (e.g. with a small pericentre distance or a big mass for the perturber). Moreover, in interactions leading to the creation of a bar, the strength of the created bar is proportional to the strength of the interaction.
AKNOWLEDGEMENTS
We thank Ivana Ebrova, Grzegorz Gajda, Klaudia Kowalczyk, Jean-Baptiste Salomon and Marcin Semczuk for useful discussions and comments. This work was supported by the Polish National Science Centre under grant 2013/10/A/ST9/00023.
